The one-dimensional diffusion of individual Pb atoms on the Si(553)-Au surface has been investigated by a combination of scanning tunneling microscopy (STM), spectroscopy (STS), and first-principles density functional theory. The obtained results unambiguously prove that the diffusion channels are limited to a narrow region between Au chains and step edges of the surface. Much wider channels observed in STM and STS data have electronic origin and result from an interaction of Pb with surface atoms. The length of the channels is determined by a distance between defects at step edges of the Si(553)-Au surface. The defects can act as potential barriers or potential wells for Pb atoms, depending on their origin.
I. INTRODUCTION
Atomic diffusion has been studied for a long time as one of the fundamental processes governing the surface physics [1] [2] [3] [4] [5] [6] . For example, the diffusion of atoms is responsible for epitaxial growth of atomic layers, formation of islands, chains, and other nanostructures or chemical reactions. Many different mechanisms of diffusion have been identified up to now, like thermally activated hopping, exchange of atoms, and quantum-mechanical tunneling, to name a few. Usually, at low surface coverage of adsorbate atoms, the movement of atoms is uncorrelated and proceeds via hopping of individual atoms. At higher coverage, the situation is more complicated as the hopping may become correlated due to interactions between the adatoms.
Usually, the diffusion of atoms on low-index surfaces is two dimensional and rather isotropic, like in the case of various adsorbates on the Si(111) surface [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . However, the movement of atoms can become strongly anisotropic or even quasi-one-dimensional in the presence of a specific surface reconstruction or on stepped (vicinal) templates [23] [24] [25] [26] [27] [28] .
Recently, using scanning tunneling microscopy (STM), we have discovered the one-dimensional diffusion of Pb atoms on the Si(553)-Au surface at temperatures above 110 K [26] . Due to a regular morphology of the Si(553)-Au surface, featuring equally spaced steps and a low number of defects [29] [30] [31] [32] , it was possible to observe an unusual long-range one-dimensional mobility of individual Pb atoms. The STM topography images show that Pb atoms move along the step edges on long distances, several dozens nanometers or even longer, limited by defects. No jumps across the steps have been observed at room temperature. According to density functional theory (DFT) calculations [26, 27] , the diffusion channels are composed of shallow energy barrier series, ranging from 0.18 * mariusz.krawiec@umcs.pl to 0.42 eV. In the perpendicular direction the movement of Pb atoms is limited by as high as 1 eV energy barriers, which explains the absence of interchannel jumps in the experiment. Furthermore, the diffusion trajectories of Pb atoms determined by DFT calculations are located near step edges of the surface, i.e., between the step-edge Si atoms and double Au chains (see Fig. 4 of Ref. [26] ). However, the constant current STM topography images do not show such behavior. Instead, the STM topography signal coming from diffusing Pb atoms is recorded almost across the whole terrace (see Fig. 2 of Ref. [26] ). Thus it is not clear if the diffusion channels are really located near the step edges of the surface. Moreover, the STM topography data suggest that the channels are much wider than predicted by DFT calculations.
In the present work we unambiguously prove that the diffusion of individual Pb atoms on the Si(553)-Au surface is confined to narrow channels located between the step edges and the double Au chains and explain the origin of much wider diffusion channels observed in STM topography. The STM current maps together with measured and calculated currentvoltage characteristics fully support the idea of narrow terraces near step edges. The widening of the channels observed in STM topography has mainly electronic origin due to the interaction of Pb atoms with the neighboring surface atoms. The second purpose is to study the influence of defects on the diffusion of atoms. The defects modify substantially diffusion processes and act as potential barriers or potential wells for Pb atoms, depending on their type. They also determine the length of the diffusion channels. A very good agreement between the theoretical results and the experimental data confirms the above scenario.
The rest of the paper is organized as follows. Experimental details and theoretical approach are described in Sec. II. Results of STM and STS measurements together with theoretical calculations are presented and discussed in Sec. III. We end up with conclusions in Sec. IV.
II. EXPERIMENT AND DETAILS OF CALCULATIONS
The experiments were performed in an ultrahigh vacuum (UHV) chamber at pressures <10 −10 mbar, equipped with an Omicron VT scanning tunneling microscope, reflection high energy electron diffraction (RHEED) apparatus, a quartz crystal microbalance, and several evaporation cells. The STM tips were chemically etched tungsten tips shortly annealed in an UHV condition by thermal side contact with Ta filament heated to about 900
• C. The sample was cut from n-type P-doped Si(553) wafer with a room temperature resistivity of 0.14 cm. The Si(553) sample was carefully degassed several hours by heating with automatically controlled direct current while keeping the pressure below <2 × 10 −10 mbar. Final cleaning of the bare Si(553) was performed by repeated cycles of flashing to ∼1550 K under the RHEED control until a clean surface without SiC contamination was achieved. Next, 0.48 ± 0.02 ML of Au [in units of one half of the Si(111) surface atom density equal to 7.84 × 10 14 atoms/cm 2 ] Au was deposited onto the substrate held at room temperature (RT). The desired well-ordered surface in the form of onedimensional structures running along the periodically arranged atomic steps was obtained after heating the sample at 950 K for 20 s and gradual cooling to the room temperature over 3 min. A small amount of Pb of ∼0.01 ML, was then evaporated on Si(553)-Au at RT.
The calculations were performed within local density approximation (LDA) to density functional theory [33] , as implemented in SIESTA code [34] [35] [36] [37] [38] . Troullier-Martins normconserving pseudopotentials were used [39] . In the case of Au and Pb atoms the semicore 5d states and scalar relativistic corrections were included. A double-ζ polarized (DZP) basis set was used for all the atomic species [35, 36] . Six nonequivalent k points for Brillouin zone sampling and a real-space grid equivalent to a plane-wave cutoff 100 Ry have been used.
The Si(553)-Au slab has been modeled by four silicon double layers and a vacuum region of 19Å. All the atomic positions were fully relaxed until the maximum force in any direction was less than 0.01 eV/Å, except the bottom layer. The Si atoms in the bottom layer were fixed at their bulk ideal positions and saturated with hydrogen. The lattice constant of Si was fixed at the calculated value, 5.39Å. Most of the results are presented for single Pb atom per 1×2 unit cell, containing a single terrace of the Si(553)-Au surface and 2 × a [110] long in direction parallel to the steps. The a [110] = 3.81Å is the Si-Si distance in the direction [110] . The diffusion of Pb atoms was studied in 1×12 unit cell. Details of the atomic structure can be found in Ref. [30] .
The STM simulations were performed by using the threedimensional Wentzel-Kramers-Brillouin electron tunneling model implemented in the 3D-WKB-STM code [40] [41] [42] . The model was extended for the treatment of f -electron orbitals, i.e., including the real spherical harmonics of f 3x 2 y−y 3 ,f xyz ,f yz 2 ,f 5z 3 −3z ,f xz 2 ,f x 2 z−y 2 z ,f x 3 −3xy 2 , for the Pb atom. We considered a blunt tungsten tip model following Ref. [43] . In simulations the electron work functions Figure 1 shows the (a) filled and (b) empty states STM topography images of the same area of the Si(553)-Au surface, recorded at temperature T = 220 K. As it was discussed in Ref. [26] , the filled states STM topography [ Fig. 1(a) ] reproduces well the morphology of the bare Si(553)-Au surface, i.e., before the deposition of Pb. The observed chain structures come from the step-edge Si atoms [30] . On the other hand, at positive sample bias [ Fig. 1(b) ], two sets of atomic chains appear: the dark chains of the native Si(553)-Au surface, visible also at negative polarization, and bright Pb chains (compare the structural model in Fig. 2 ). The bright chains in Fig. 1 (b) look fuzzy and strongly modulated, which is an indication that Pb atoms move fast along the step edges, as discussed in Ref. [26] . We shall return to this problem later on.
III. RESULTS AND DISCUSSION
The fact that Pb chains are visible only at positive sample bias has its origin in electronic properties of Pb atoms. Namely, the electron density of states (DOS) of Pb atoms is strongly asymmetrical with respect to the Fermi energy (E F ), with very high DOS in the empty state region. On the other hand, the step-edge Si atoms show an opposite behavior, featuring higher DOS below the E F . This is illustrated in Fig. 3 , where the DOS projected on different atoms (PDOS) is plotted. Due to the charge transfer between Pb adatoms and the surface, the Pb PDOS features the empty 6p states and the step-edge Si PDOS-the occupied 3p states. Thus at positive sample bias the STM records mainly the Pb atoms, while at To further verify the above scenario, we have calculated a single point current-voltage characteristics. Figure 5 shows a comparison of the I (V ) curve for Pb adatom and the bare surface at the position of Pb adatom. As expected from the PDOS behavior, a high current flows into the empty states of Pb adatoms. Note that in the case of Pb adatom the current at positive sample bias is an order of magnitude larger than for bare surface, while at negative bias there is no strong difference.
Such behavior of the I (V ) characteristics gives another opportunity to study the diffusion of Pb atoms. Namely, when acquiring STS data at a fixed position over the surface, the moving Pb atom should change the magnitude of the tunneling current, and thus influence the shape of the I (V ) curve. As a result, we expect a switching of I (V ) characteristic between a high current due to Pb atom present below the STM tip, and a low current in absence of the Pb atom. Indeed, exactly this behavior is observed in measured STS data. Figure 6 shows the STS characteristics together with a current map with marked positions where the STS data were collected. In the Pb-free region of the surface, the I (V ) characteristics are smooth and show rather a low current flowing (five bottom black curves in left panel). On the other hand, in the region with Pb atom diffusing, each of the five STS curves switches between the high-current and the low-current states, clearly indicating the presence and absence of Pb atom below the STM tip. Naturally, the switching is responsible for the fuzzy and strongly modulated topography with many streaks observed in the empty state topography in Fig. 1 and in current map (Fig. 6 ). Of course, the switching was observable only with a proper choice of the recording time of I (V ) characteristics with respect to the speed of the moving Pb atoms. If the time was too short we could measure either the high-current state or the low-current state. On the other hand, if the time was too long, the I (V ) characteristics are expected to be averaged and noisy, thus contain very little information. Now a question arises about the position of the diffusion channel. The DFT calculations show that the whole diffusion trajectory is located near the step edges (see Fig. 4(b) of Ref. [26] ). Moreover, the Pb atoms make bonds with the step-edge Si1 and Au7 atoms (see Fig. 2 ) along the diffusion path, as discussed in Ref. [27] . This results in a slightly shifted Pb chains in the direction [3310] with respect to the step-edge Si chains, as observed in Fig. 1(b) . The simulated constant-current topography images, shown in Fig. 4 , confirm this scenario. The measured current maps also support such a view. Figure 7 shows the current map (a) recorded at the bias voltage U = 1.89 V with corresponding line profiles across the steps (b). Indeed, whenever the Pb atom is present and moves along the steps, the position of the maximal value of the current is shifted in the direction [3310], i.e., toward the left in the figure. It is the best illustrated when comparing the first and third maxima. At the first maximum, the diffusion of Pb atoms is present in the red solid rectangle, thus the first red solid line peak of the line profile is shifted toward the left with respect to the blue dashed one. The situation is opposite in the case of the third peak. Now the diffusion region is covered by the blue dashed rectangle, thus the line profile blue dashed peak is also shifted to the left.
Correspondingly calculated line profiles are shown in Fig. 8 . Clearly the same behavior is observed, i.e., the shifted position of Pb chains (red curve) with respect to the step edges of the Fig. 4 . Note that Fig. 4 represents the constant-current topography.
Si(553)-Au surface (blue curve). Such behavior is in a perfect agreement with the conclusion that Pb atoms move in channels near the step edges. All the above shows that the diffusion of Pb atoms performs near steps of the Si(553)-Au surface.
According to the DFT calculations (see also Refs. [26, 27] ), the diffusion channel is quite narrow. The Pb trajectory is always located between the step-edge and the double Au chain (see Fig. 2 ). On the other hand, the STM topography (Fig. 1) , or even more the current map of Fig. 7 suggests that the diffusion takes place on a large part of the surface terrace. Of course, one can argue that this effect is mainly associated with the presence of an STM tip and a nature of tunneling in this system, i.e., tunneling with different k vectors. Certainly this may result in observed widening of an investigated surface object. However, we shall point to another possibility associated with bonding of Pb atoms to the step-edge and Au-chain structures and hybridization of their states. The adsorption of Pb atom changes the electronic structure of neighboring region, which in turn can influence the STM signal. Thus the apparent widening of the Pb diffusion channel can be observable if the electronic states of Pb adatom hybridize with the states of neighboring surface atoms. Indeed, this happens in the present case. Figure 9 shows modifications of calculated PDOS of different atoms upon adsorption of a single Pb atom (per unit cell) in its lowest energy configuration (see Fig. 2 ). Recalling that the adsorbed Pb atom features a high PDOS around 0.5-1 eV above the Fermi energy and looking for changes of PDOS of other atoms in this energy region, we arrive at the conclusion that PDOS of almost all the surface atoms is modified. The strongest modifications are observed in the case of the HC structure (Si1-Si4) and Au7 atoms. The electronic empty states of all these atoms give rise to higher STM current at positive sample bias, thus widen the apparent width of Pb diffusion channels.
Finally, we would like to shed some light on the length of the diffusion channels. As it was already mentioned and also discussed in Refs. [26, 27] , the movement of Pb atoms along the step edges is limited by the presence of defects. To check if defects can suppress or even block the diffusion of atoms we have performed DFT calculations in much longer unit cell, i.e., 1×12. We have considered two types of defects: a vacancy and a protrusion. The vacancy was obtained by removing a single step-edge Si atom, while protrusion defect was modeled by hydrogen atom bound to one of the step-edge Si atoms. To determine the diffusion barriers we placed a single Pb atom at a given position along the step, fixed its x coordinate (parallel to the steps), and allowed to relax the other two coordinates. Comparing total energies of the system calculated at different positions of Pb atom in the direction parallel to the steps, the diffusion barriers have been determined [28] . Note that such an approach provides only approximate values of the diffusion barriers due to the considered discrete nature of Pb atom positions in the x direction (along step edges). In the present case we took positions with steps of 0.45Å. The results of calculations are shown in Fig. 10 . As it is evident both types of defects can shorten the diffusion channels. In particular, the protrusion at step edge features a high energy barrier (∼0.9 eV) which is twice as high as barriers within the diffusion channel. Thus the defects of this type should repel Pb atoms. So the diffusion channel is determined by the distance between such defects. Most probably such a scenario is realized in experiment. The situation is different in the case of vacancy defects. If Pb atom moves toward the vacancy it may overcome the energy barrier, which is comparable to barriers within the channel, and eventually be trapped in the vacancy. The barrier for the reverse process is in the order of 0.7 eV, thus the vacancy acts as a potential well for Pb atoms, and likely can suppress the diffusion at all. The defects of this type are also observed in experiment. For example see the bright round features in Fig. 1(b) , which probably result from trapping Pb atoms into vacancies. All this shows that not only the presence of defects but also the type of defects plays a crucial role in diffusion processes of Pb atoms.
IV. CONCLUSIONS
In conclusion, using the scanning tunneling microscopy and spectroscopy supplemented by density functional theory calculations, we have studied the one-dimensional diffusion of individual Pb atoms along the step edges of the Si(553)-Au surface. The STM and STS measurements show that the movement of Pb atoms is best visible at positive sample bias, which results from a specific electronic structure of Pb adatoms. The present study unambiguously prove that the diffusion channels are limited to a narrow region between Au chains and step edges of the surface. Much wider channels observed in STM and STS data have electronic origin due to the interaction of Pb adatoms with the surface atoms. The length of the channels is determined by a distance between defects at step edges. The defects modify substantially diffusion processes and act as potential barriers or potential wells for Pb atoms, depending on their type.
